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RnBRVELOCirT  IMPACT  FnENOMBKA 


itroduotlon 


Thii  A  prsBuutB  a  aummatlon  of  the  reaearch  perfomeHl  at 


the  Explosives  Research  Ld3oratory»  Pittsburgh,  Pa>  in  the  field 
of  hypervelooity  Impact  on  thin  targete^  Tile  researolyis  supported 
by  IT.  S.  Amy  Ordnance,  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground ,  Md,  It  la  submitted  ijn^lieiT of  the  regular  quarterly 
report,  for  the  period  Mardr'I',  1963  to  May  31,  1963  and  basloally 
contains  the  Information  presented  at  the  Sixth  Hypexvelocity  Inpaot 
S:^poai^held  in  Cleveland,  Ohio  April  30  through  May  2,  1963, 

The  immediate  goal  of  the  research  la  to  obtain  a  eonplete  de> 
aerlption  of  the  thln«plate  perforation  process  within  the  limits 
of  available  explosive  proioctOrs.  The  bulR  of  the  work  to  date  has 
been  carried  out  with  2024-T3  aluminum  as  the  target  material;  however, 
other  higher  density  target  materials  were  used  when  required  for 
clarification  of  impact  pressure  effects.  Four  basic  eatagories  char¬ 
acterise  the  results  of  target  impact:  primary  target  damage,  the 
number  distribution  of  spall  particles,  the  mass  distribution  of  spall 


and  the  velocity  of  the  ejecta  formed  during  the  perforation  process 


Av 
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raOCOTTIRES  AM)  DISCUSSION 

I<  Survey  of  Impact  Damage  -to  Thin  and  Thick  2024-T3  AluBiinum 
targets 

The  research  was  carried  out  with  two  basic  explosive  projector 
systems ,  each  of  which  is  characterized  by  a  different  projectile 
mass.  One  x>rojector,  which  will  be  referred  to  as  Scale  I,  utilized 
cylindrical  steel  projectiles  having  a  mass  of  0.0235  t  0.0005  gran. 
The  Scale  I  projectors  can  be  further  subdivided  according  to  pro¬ 
jectile  velocities  of  2.0  lun/sec,  3.2  lon/see,  and  4.0  lon/sec}  the 
latter  two  systems  were  developed  by  two  of  the  authors  (1)^  while 
associated  with  the  Carnegie  Institute  of  Technology.  The  projec¬ 
tiles  were  1/16  inch  long  and  1/16  inch  in  diameter}  the  2.0  km/sec 
and  3.2  lon/sec  projectiles  wore  fabricated  from  Kotos  steel  drill 
rod  of  DUN  200}  steel  piano  wire  was  used  for  the  4.0  km/sec  pro¬ 
jectile.  The  second  projector,  referred  to  as  Scale  II,  provided 
a  velocity  of  3,2  km/sec  for  a  projeotilo  l/8  inch  long  and  1/B  inch 
in  diameter,  weighing  0.187  gram,  made  of  Ketos  Steel.  The  velocity 
rsnge  for  the  Scale  II  projectiles  was  increased  by  the  use  of  an  air- 
cavity  projector  designed  at  the  Dallistic  Eosearch  Laboratories  (2)} 
this  projector  propelled  a  O.IR  gram  steel  projectile  at  a  velocity 
of  5.0  lon/sec. 

Thick  or  quasi -infinite  targets  are  defined  here  as  targets  of 
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is  affected  by  increasing  the  aise  of  the  target.  In  tests  with 
2024^3  aliiminum,  it  was  found  that  targets  having  a  thickness  equal 
to  3  to  4  tinea  the  crater  depth  and  a  surface  area  roughly  25  times 
that  of  the  crater  satisfied  these  conditions  within  the  accuracy 
of  the  crater  measurements.  Since  the  research  program  was  princi¬ 
pally  concerned  with  a  description  of  behind-target  effects ,  the 
tern  "thin  target"  is  generally  applied  to  any  target  capable  of 
being  perforated  by  a  given  projectile  with  a  finite  probability. 

For  2024-T3  altaninum,  target  thicknesses  ranged  from  3  to  4  tinea 
the  projectile  lengths  over  the  velocity  range  investigated. 

The  pertinent  variables  recorded  for  thick  targets  were  crater 
volume,  crater  depth,  and  crater  diameter}  for  thin  targets,  they 
were  entrance  and  exit  diameters  of  tho  perforation.  In  cases  where 
shock  spallation  was  pronounced ,  tho  diameter  of  the  spalled  area  on 
the  back  surface  of  the  target  was  also  recorded.  The  manner  in 
which  these  variables  are  defined  is  illustrated  in  figure  1  where 
"thin"  and  "thick"  targets,  Impacted  with  Scale  II,  3.2  km/sec 
projectiles  aro  shoim. 

The  portinent  features  of  these  measuronents  are  presented  in 
figures  2  through  7  and  can  be  sunanarizod  as  follows: 

(l)  For  thick  targets,  crater  volume  was  found  to  he  proportional 
to  the  kinetic  onorgy  of  the  projectile  over  the  velocity  range  2  Icm/sec 
to  5  km/sec.  This  is  illustrated  in  figure  2  ifhero  crater  volume  per 
unit  projectile  energy  is  plotted  as  a  function  of  impact  velocity. 
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FIGURE  I.-  Features  of  a  Thin  Plate  on 
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ENTRANCE  DIAMETER  ENTRANCE  DIAMETER 

EXIT  DIAMETER  CRATER  DIAMETER 


I. 

I  . 

I  , 

I . 

0. 

0. 

0. 

0. 

FIGURE  5,-  Plot  Showing  Tendency  for  Perforations  to  be  Cylindricol  for 
Impacts  Ranging  from  2.0  to  5.0  km/sec. 
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FIGURE  6.-  Variation  in  Exit  Spall  Dlametor  with  Target  Thickness. 


FIGURE  T.-ineraoee  in  Penetrotion  Potential  with  Increasing  Impact 
Velocity. 
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The  ajiparent  discrepancy  for  the  Scale  II  pro.-jectile8  can  be  attri¬ 
buted  to  the  fact  that  anpreciable  front  surface  spallation  occurred 
in  these  two  cases i  giving  rise  to  large  uncertainties  in  the  volume 
determinations . 

(2)  At  low  impact  velocities,  the  craters  are  narroif  and  deep 
while  at  velocities  approaching  the  sonic  velocity  of  the  target 
material  (5.1  lan/sec)  the  craters  approach  a  hemispherical  shape. 

This  la  shown  in  figure  3  where  the  ratio  of  the  crater  depth  to  the 
crater  diameter  is  plotted  against  the  impact  velocity.  The  volume- 
energy  dependency  and  the  observation  concerning  crater  shape  are  In 
accord  with  the  results  of  other  investigations  for  the  same  range 
of  impact  velocities  (3,4). 

(3)  For  thin  targets  having  thicknesses  in  excess  of  approximately 
1.5  times  the  projectile  length,  the  p®rforation  entrance  diameter  is 
independent  of  target  thickness;  hoirever,  there  is  a  noticeable  de¬ 
crease  in  entrance  diameter  for  targets  of  lessor  thickness.  These 
features  are  illustrated  in  figure  4  where  the  ratios  of  the  entrance 
diameters  to  the  crater  diameters  are  nlotted  as  fXinctions  of  reduced 
target  thickness.  Since,  as  illustrated  in  figure  5,  the  perforations 
are  nearly  cylindrical,  these  cranments  also  apply  to  tho  exit  diameters. 
The  decrease  in  perforation  entrance  diameter  with  diminishing  target 
thickness  has  been  observed  for  a  variety  of  target  materials  (5) ;  it 
has  been  demonstrated  that  the  perforation  diameter  for  2S-0  aluminum 
approaches  the  projectile  diameter  for  targets  of  thicl'rnessos  much  loss 
than  the  projectile  length.  Tlie  results  with  2024-T3  altminura  targets 


show  tho  same  trend 
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The  dependence  of  exit  spall  diameter  on  target  thickness  is 
illustrated  in  figure  6  whore  the  ratio  of  the  spall  diameter  to  the 
crater  diameter  is  plotted  as  a  function  of  reduced  target  thickness 
for  different  impact  conditions.  The  results  show  that,  in  general, 
the  spall  diameter  tends  to  increase  with  increasing  target  thick¬ 
ness  over  the  velocity  range  investigated. 

An  important  feature  of  these  perforation  studies  is  illustrated 
in  figure  7  where,  from  a  practical  point  of  view,  the  difference  in 
behavior  between  a  thin  target  and  a  thick  target  is  delineated.  In 
this  plot  the  ratio  T^V^c  plotted  as  a  function  of  impact  velocity. 
The  variable  T''  is  the  target  thickness  for  which  the  expectation  of 
complete  perforation  by  a  given  projectile  becomes  negligible;  Pc  is 
the  «  iter  depth  in  a  semi -infinite  target.  Values  of  T  for  a  given 
projectile-target  combination  were  estimated  from  the  perforation 
probabilities  observed  in  targets  having  thicknesses  of  about  T  .  No 
attempt  was  made  to  statistically  determine  the  values  of  T  ;  however, 
the  values  used  in  figure  7  are  probably  accurate  within  t  5  percent. 
The  results  sho^f  that  the  ratio  tV^c  is  a  monotonically  increasing 
function  of  the  Impact  velocity,  reaching  values  in  excess  of  1,5  for 
impacts  in  the  4.0  to  5,0  km/sec  region.  The  significance  of  this 
observation  is  that  the  magnitude  of  crater  depths  in  semi -infinite 
targets  does  not  even  closely  approximate  the  penetration  capabilities 
of  the  projectile  through  thin  targets. 
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II.  Ifawber  ris-tribution 

The  tenn  "number  distribution"  refers  to  the  manner  in  which  the 
spall  particles,  produced  by  projectile -target  impacts,  are  spatially 
distributed  behind  the  target.  The  experimental  technique  for  deter¬ 
mining  the  distribution  is  illustrated  in  figure  8.  A  witness  foil, 
consisting  of  l-mil  thick  aluminum  supported  by  a  backing  of  fiber- 
board,  was  located  6-1/2  inches  beyond  the  target.  The  witness  foil 
indicated  the  direction  in  which  individual  spall  particles  were 
propelled. 

For  purposes  of  analysis,  the  witness  foil  was  mapped  out  in  a 
family  of  concentric  circles  whose  origin  is  located  on  a  line  through 
the  perforation  and  normal  to  the  target  surface.  The  number  of  per¬ 
forations,  found  in  an  oloment  of  area,  Ar  Af^,  wore  counted  and 
weighted  by  the  reciprocal  of  the  intercepted  solid  angle  element,  AA. 
The  weighted  count  thus  has  the  dimensions  -  number  of  fragments  per 
unit  solid  angle  and  may  be  interpreted  as  representing  the  population 
density  for  a  particular  solid  angle  element.  The  total  number  of 
particles  (N)  is  a  function  of  the  target  thickness,  the  projectile 
velocity,  and  the  projectile  scale  sise.  A  complete  reduction  of  all 
data  at  normal  incldenco  is  possible  if  the  population  density  for  each 
impact  data  set  is  multiplied  by  the  factor  .  Thus ,  the  term^-^  A^) 
expresses  the  density  of  a  given  element  of  solid  angle  as  a  fraction 
of  the  total  population. 


(point  O) 


FIGURE  6. 


-  Exporimontol  Set-up  for 
of  Spall  Fragments. 
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Number  dietributlone  have  been  deiermlned  for  impacts  on  var¬ 
ious  thicknesses  of  2024-T3  aluminum  tarKets  with  both  Scale  I  and 
Scale  II  projectiles  over  the  velocity  range  2  lon/sec  to  5  km/sec. 

These  data  are  presented  in  figure  9  which  shows vs  A  where 
A  is  a  measure  of  the  radial  distance  from  the  center  of  impact. 

Each  data  set  is  an  average  of  several  target  thicknesses  because  the 
distributions  for  Individual  target  thicknesses  did  not  vary  more 
than  the  experimental  error.  Vithin  reasonable  limits,  the  six  data 
sets  define  one  curve;  the  significance  of  this  is  that  the  percentage 
of  the  total  number  of  spall  particles  found  in  corresponding  elements 
of  space  is  independent  of  projectile  scale  size ,  target  thickness , 
and  projectile  velocity.  The  data  for  3,2  km/sec,  Scale  I  projectiles, 
are  from  an  earlier  paper  (5);  in  this  work,  the  normalized  distri¬ 
butions  for  2024-T3  aluminum,  2S-0  aluminum,  magnesium,  and  lead  were 
found  to  be  essentially  the  same.  Another  significant  feature  of  the 
data  deals  with  the  distribution  for  spall  particles  having  higher 
penetration  capahilitias.  Data  points  for  these  superior  particles 
are  identified  by  stars  and  are  shown  to  fit  the  curve  as  well  as  any 
other  data  point  set.  The  superior  group  was  separated  from  the  aggre¬ 
gate  group  by  filtering  out  the  inferior  particles  with  an  additional 
7  mils  of  aluminum  foil;  about  20  percent  of  the  total  population 
penetrated  the  filter. 

The  experimental  technique,  mentioned  earlier,  involved  count¬ 
ing  holes  in  witness  targets  and  did  not  provide  a  distinction  between 


13 


0  0.2  0.4  0.6  0.8  1.0  1.2  1-4  1.6  I.B 

SOLID  ANGLE  (a),  sterodions 

FIGURE  9.-  Relationship  Between  Normalized  Spoil  Numbers  and  Radial  Distance  from  the  Center  of  Spoil  Impact 
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projectile  remnants  and  target  spall  particles.  The  desirability 
of  establishing  separate  distributions  for  the  two  types  of  particles 
required  analyses  by  a  somewhat  more  time-consuming  technique.  A  pan 
of  gelatin  was  substituted  for  the  aluminum  witness  foil;  the  gelatin 
layer  was  cut|  after  the  impact  event,  into  concentric,  annular  rings 
And  each  ring  of  gelatin  was  then  dissolved  in  hot  water  and  the  in¬ 
dividual  particles  recovered  by  filtration.  The  projectile  remnants 
(steel)  are  separated  magnetically  from  the  target  particles  (aluminum) 
and  counted.  Distribution  curves  from  teats  using  this  technique  are 
shown  in  figures  10  and  11  for  the  number  of  target  spall  particles  and 
number  of  projectile  remnants  respectively. 

The  two  figures  show  data  for  three  different  projectile  param¬ 
eters  and  illustrate  several  important  points J  (1)  the  percentage  of 
the  total  number  of  target  soall  particles  or  total  number  of  projec¬ 
tile  remains  found  in  a  given  sxwice  element  is  independent  of  projectile 
scale  size,  projectile  velocity,  or  target  thickness;  (2)  compared  to 
the  projectile  remains,  the  target  spall  particles  have  a  greater  tend¬ 
ency  to  be  radially  dispersed. 

Another  interesting  feature  of  these  data  is  the  effect  of  pro¬ 
jectile  scale  size  upon  the  total  number  of  particles  produced.  The 


effect  is  shoira  in  figure  12  for  Scale  I  euid  Scale  II  projectiles  im¬ 
pacting  various  thicknesses  of  2024-T3  aluminum  targets  at  3.2  lon/sec. 
The  figure  is  a  plot  of  "T  N  is  the  total  number  of 
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TARGET  MATERIAL,  2024-T3  Aluminum 
IMPACT  ANGLE,«C>0da2. 


SOLID  ANGLE  (Ji.) ,  sterodiont 

FIGURE  10.  -  NormaKzad  Dltlribuflon  for  Torget  Spoil  Portlelos. 


SOLID  ANGLE  |ZL  ),  itaradlant 
FIGURE  II.  -  Normaliznd  Distribution  for  Pro]tctilt  Rtmnonli. 
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-target  epall  fragments,  t  is  the  target  thickness,  L  is  the  length 
of  the  projectile,  and  k  is  a  constant  such  that  kL  -  1  for  the 
smaller  scale  size  projeotile.  This  treatment  is  intended  to  bring 
the  Scale  II  data  points  into  coincidence  with  corresponding  Scale  I 
data  points.  The  fact  that  the  second  power  of  kL  tends  to  accomplish 
this  purpose  demonstrates  that  there  is  a  strong  tendency  for  the  total 
number  of  target  spall  particles  to  vary  directly  with  the  area  of  the 
projectile;  this  is  the  case,  however,  only  if  the  ratio  of  target 
thickness  to  projectile  length  remains  constant, 

A  somevrhat  similar  treatment  is  used  to  demonstrate  the  scaling 
effect  for  the  number  of  projoetilo  remnants  produced.  These  data  are 
presetted  in  figure  13  which  shows  'vs  ^  whore  N,  in  this 

case,  is  the  total  number  of  projectile  remnants.  The  interpretation 
here  is  that  the  number  of  projectile  remnants  produced  varies 
directly  with  tho  volume  of  the  projectile,  providing  the  target  -thick¬ 
ness  is  scaled  with  a  linear  dimension  of  the  projectile. 

Bata  associated  with  the  distributions  of  numbers  of  spall  par¬ 
ticles  resulting  from  oblique  impacts  on  targets  have  also  been  ob¬ 
tained.  Although  a  number  of  significant  features  of  the  phenomena  are 
evident,  tho  oblique  impact  data  do  not  permit  as  simple  an  interpre¬ 
tation  as  data  from  normal  impacts,  Tho  added  complexities  are 
understandable  inasmuch  as  the  center  of  spall  impact  does  not  lie  on 
a  line  beneath  the  perforation  perpendicular  to  the  target  nor  on  the 
original  line  of  flight  of  the  projectile;  it  is  found  to  lie  between 
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FIGURE  12.- Eff«e»  of  Projoctll#  SIro  Upon  thi  Numbor  of  Torg«t 
Spoil  Portieioi. 


FIGURE  13.-  Effoct  of  Projtctllt  Sito  Upon  thi  Numbar  of  Projactlla 
Ramnonft. 
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these  two  extremes.  Hence ,  the  distribution  of  particles,  in  terms 
of  the  target -Hritness  geometry  used  for  normal  impacts,  is  not  in¬ 
dependent  of  the  azimuthal  coordinate  0  (see  figure  8). 

The  dependence  of  spall  numbers  upon  the  coordinate  0  is  illus¬ 
trated  in  figure  14  which  is  a  plot  of  ^  vs  0  and  nay  be  inter¬ 
preted  as  representing  the  percentage  of  the  total  number  of  particles 
found  to  reside  in  indicated  intervals  of  the  angular  coordinate  0  . 
The  plot  la  for  data  obtained  from  Scale  I  projectiles  Impacting 
targets  at  60  degrees  obliquity  (  a  >  60  degrees).  Projectile  veloc¬ 
ities  were  2,0  km/see,  3.2  kn/see,  and  4.0  kn/sec.  The  data  were 
averaged  for  several  target  thicknesses  since,  again,  a  target  thick¬ 
ness  effect  was  not  apparent.  Several  significant  features  of  the 
data  are  evident)  (l)  The  spall  particles  are  not  dispersed  symmet¬ 
rically  about  the  origin  of  circles  on  the  wltneps  foil  (point  0  in 
figure  8)5  rather,  the  center  of  spall  impact  is  displaced  radially 
outward  along  0-0  (in  the  azimuthal  direction  corresponding  to  the 
line  of  flight  of  the  projectile).  (2)  The  density  of  spall  particles 
is  maximum  along  0-0  and  diminishes  progressively  and  symmetrically 
in  both  the  positive  and  negative  angular  directions  removed  from  the 
0-0.  (3)  The  percentage  of  the  total  number  of  spall  particles 

found  in  any  given  element  ^0  ia  Independent  of  target  thickness  and 
projectile  velocity.  A  similar  independence  for  2S>0  aluminum,  24S-0 
aluminum,  and  2024-T3  aluminum  for  one  projfjctlle  system  (3.2  kn/sec. 
Scale  I  projectile)  was  demonstrated  earlier  (5)« 
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The  displacements  of  the  centers  of  spall  impact  as  a  function 
of  both  impact  angle  and  target  thickness  are  plotted  in  figure  15. 

The  figure  is  a  plot  of  displacement  angle  (0]^)  vs  impact  angle  (  a ) 
with  target  thickness  as  a  parameter)  displacement  angle  is  a  measure 
of  the  displacement  of  the  center  of  spall  population  from  point  0. 

The  Scale  1,  4.0  km/sec  projectile,  was  used  to  impact  1/32,  l/l6, 

3/32,  and  l/S'-ineh  thick  2024-T3  aluminum  targets  at  50,  60,  and  70 
degree  impact  angles.  Target  thicknesses  are  specified  relative  to 
the  projectile  length.  An  added  feature  of  the  plot  is  that  centers 
of  spall  populations  for  the  ten  percentile  group  of  particles  having 
higher  penetration  capabilities  are  shown  plotted  separately.  These 
data  are  identified  by  the  designation  -  10  percent)  the  aggregate 
groups  are  identified  by  the  designation  »  100  percent.  Significant 
features  of  the  plot  are  as  follows;  (1)  the  displacement  angle  in¬ 
creases  with  the  impact  angle  up  to  impact  angle  values  of  between 
50  degrees  and  60  degrees  after  which  a  decrease  in  displacement  angle 
is  noted  for  further  increases  in  impact  angle)  (2)  displacement  angle 
is  always  less  than  Impact  angle)  (3)  there  is  a  tendency  for  the  ten 
percentile  group  to  have  lower  displacement  angles)  however,  the  differ¬ 
ence  is  small  and  for  practical  purposes  they  are  interpreted  to  be  the 
same  as  those  for  the  aggregate  group. 

It  would  seem  desirable  to  make  a  short  comment  regarding  the 
peculiar  behavior  noted  in  (1)  above  iriiere  displacement  angle  vras  found 
to  decrease  for  values  of  impact  angle  greater  than  about  60  degrees. 

It  is  believed  that  the  axis  for  the  envelope  of  projectile  remains  and 
associated  target  particles  flowing  through  the  perforation  in  the  target 
is  different  from  the  axis  of  target  spall  produced  by  shock  interactions. 
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The  Interplay  of  two  such  distinct  distributions  could  conceivably 
cause  displacement  angle  to  be  a  double  valued  fUncetlon  of  impact  angle. 

III.  Maas  Distribution 

Mass  distribution  refers  to  the  manner  in  which  the  mass  con¬ 
tained  in  the  spall  envelope  is  spatially  distributed.  The  collection 
agent  was  gelatin,  and  the  data  were  derived  from  the  same  shots  used 
to  determine  separate  particle  population  distribution  for  target  spall 
and  projectile  remnants.  The  data  are  presented  in  two  plots  of  figures 

1  Am 

16  and  17  which  show  vs  SL  for  the  target  spall  mass  and  the  mass 

K  Aaa 

of  projectile  remnants  respectively.  The  plots  contain  three  data 
point  sets  representing  Scale  I,  3.2  hm/sec,  Scale  I,  4.0  km/sec,  and 
Scale  II,  3.2  km/sec  projectiles  that  Impacted  on  various  thlclcnesf»es 
of  2024-T3  aluminum  targets  at  normal,  incidence.  Individual  data 
points  represent  an  average  for  several  target  thicknesses.  Signif¬ 
icant  features  of  both  plots  may  be  summarized  as  follows:  (1)  Both 
distributions  are  qualitatively  similar  to  the  number  distribution 
plots  presented  earlier,  i.e. ,  maximum  density  is  observed  at  the  center 
of  spall  Impact  and  decreases  radially  outward;  (2)  the  mass  distri¬ 
bution  for  projectile  remnants  differs  from  the  one  for  target  spall 
particles  in  that  the  former  shows  a  substantially  greater  percentage 
of  the  mass  distributed  nearer  the  center  of  spall  Impact;  similar 
behavior  existed  for  the  number  distribution  data;  (3)  the  percentage 
of  the  total  amount  of  mass  (target  material  or  projectile  remnants) 
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found  in  any  space  element  is  independent  of  target  thickness, 
projectile  scale  size,  and  projectile  velocity;  (4)  from  (1)  and  (2) 
it  may  he  concluded  that  particle  size  is  not  particularly  dependant 
upon  the  space  coordinates. 

Another  set  of  plots,  figures  18  and  19,  is  presented  to  in¬ 
dicate  reasonable  scaling  laws  for  the  total  mass  contained  in  the 

H 

envelope  of  material  behind  thin  targets.  The  graphs  shour 
plotted  against  ^'or  the  total  target  spall  mass  and  the  mass  of 
projectile  remnants  respectively.  The  poifer  of  the  quantity  (IcL) 
is  three  in  these  Instances  and  Indicates  that  the  total  spall  mass 
is  proportional  to  the  volume  of  the  projectile  providing  the  target 
thiolaiess  la  scaled  with  the  linear  dimensions  of  the  projectile. 

The  plots  also  show  that  the  target  spall  mass  increases  with  target 
thlcknoss  providing  one  does  not  closely  approach  the  maximum  pene¬ 
tration  capability  of  the  projectile;  the  mass  of  recovered  projec¬ 
tile  remains,  hoirevor,  is  independent  of  target  thickness  at  this 
particular  velocity  (3.2  Irai/sec). 

Figure  20  shows  the  effect  of  target  thickness  on  spall  particle 
size.  The  plot  is  presented  in  terms  of  the  reduced  variables  x 
mass/numbor  vs  ^  •  The  first  power  of  ^  is  the  proper  reducing 
factor  befeeen  those  Scale  I  and  Scale  II  impact  data  because  it  has 
been  shoim  that  treatment  of  the  mass  data  involved  the  third  penfer 
and  the  number  data  the  second  poifer  of  this  factor.  It  should  also 
be  pointetl  out  that  tho  values  are  unweighted  average  measures  of 
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FIGURE  19. -Effect  of  Projectile  Size  Upon  the  Moss  of  Recovered 
Projectile  Remnants. 
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spall  particle  sise  because  total  mass  has  simply  been  divided  by 
total  number*  Individual  data  point  sets  are  shown  for  impacts  with 
3.2  kn/sec  Scale  I,  4.0  km/seo  Scale  I,  and  3.2  km/sec  Scale  II  pro¬ 
jectiles.  The  character  of  the  plot  is  interesting  from  several  view¬ 
points:  (1)  The  average  8i*e  (mass /particle)  of  the  target  spall 
particles  increases  drastically  with  increasing  target  thickness;  the 
increase  amounts  to  almost  an  order  of  magnitude  for  values  ranging 
from  one  to  three.  The  change  in  spall  mass  and  spall  numbers  with 
increasing  target  thickness  are  in  the  proper  direction  for  maximtun 
increase  in  particle  sisoi  i.e. ,  spall  mass  increases  while  spall 
numbers  decrease.  (2)  Average  spall  particle  size  is  proportional 
to  the  first  power  of  the  scale  factor;  heneo,  the  Scale  II  projec¬ 
tiles  produce  spall  particles  which  are,  on  the  average,  tvfice  the 
size  of  those  produced  by  Sonle  I  projectilos.  (3)  The  Scale  I, 

4.0  km/sec  data  have  been  included  in  this  plot  merely  to  show  that 
target  thickness  effect  is  much  more  pronounced  than  the  effect  from 
the  indicated  change  in  velocity}  it  is  conceivable,  however,  that  a 
significant  velocity  effect  might  be  observed  if  the  projectile  ve¬ 
locities  were  svthstantially  different. 

IV.  Velocity  Distribution 

The  experimental  effort  directed  tmrard  a  description  of  the 
velocity  distribution  of  the  material  ejected  from  thin  plates  was 
limited  by  the  small  scale  size  of  the  projection  systems  used.  No 
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single  experiment  has  proven  adequate  for  this  purpose  and,  as  a 
consequence,  several  velocity  measuring  techniques  have  been  employed. 

A  dual-channel  flash  X-ray  system  has  been  successfully  .applied  to  the 
problem  of  determining  the  residual  velocity  of  the  emerging  projectile 
material.  These  measurements  coupled  with  target  impulse  studies,  with 
a  ballistic  pendulum,  have  led  to  values  of  total  target -spall  momentum. 
A  recently  developed  framing  camera  technique  has  proven  satisfactory 
for  determining  the  velocity  spectrum  of  the  combined  projectile  and 
target  spall  particles  produced  by  a  variety  of  impact  conditions.  In 
this  technique,  the  target  spall  particles  and  projectile  remains  are 
directed  toward  a  thin  aluminum  foil  viewed  by  the  framing  camera. 

The  side  of  the  foil  away  from  the  camera  is  uniformly  illuminated  by 
means  of  an  exploding  wire  used  in  conjunction  with  a  diffusion  screen. 
When  the  particles  puncture  the  foil,  the  event  is  recorded  in  the 
framing  camera  sequence  as  a  bright  flash.  The  time  of  occurrence  of 
this  event  relative  to  the  time  ol  target  impact  and  the  distance  be¬ 
tween  the  target  and  the  witness  foil  are  then  used  to  calculate  an 
average  velocity  for  each  particle  observed.  By  an  appropriate  choice 
of  framing  rate  the  entire  velocity  spectrum  can  be  mapped. 

The  results  of  the  investigations  carried  out  in  this  area  are 
graphically  shown  in  figures  21  through  29;  when  considered  in  their 
entirety  they  lead  to  certain  conclusions.  The  formula 
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trtiere  z  ■  Instantaneous  depth  In  the  target} 

Vj,  ■  residual  fragment  velocity} 

Af  ■  cross  sectional  area  of  impacting  fragment} 

Mf  mass  of  impacting  fragment} 

Vf,  -  initial  fragment  velocity} 

■  target  density} 
k  ■  target  strength  factor 

derived  from  previous  work  with  3.2  km/sec,  Scale  I  projectiles  (6) 
is  found  to  he  applicahle  when  the  projectile  scale  size  is  varied. 
This  is  illustrated  in  figure  21  whore  the  measured  values  of  Vj.  for 
both  Scale  I  and  Scale  II  projectiles  are  plotted  as  a  function  of 
target  thiclcness}  a  curve  calculated  from  the  above  formula  using  the 
same  value  of  the  strength  constant  k  is  also  shoim. 

Furthermore,  by  reasoning  that  any  not  impulse  transferred  to 
the  target,  per  se,  is  due  to  the  forces  associated  with  the  strength 
term,  k,  the  residual  velocity  formula  can  bo  used  to  predict  target 
impulse  by  first  calculating  the  total  momentum  lost  by  the  iwojec- 
tile  in  perforating  a  given  target  thiclcness,  z,  and  than  deducting 
from  this  value  the  momentum  loss  associated  with  the  fluid  terra  in 
the  equation,  i.e, ,  k  -  0,  This  method  was  used  to  obtain  the  values 
represented  by  the  curve  which  is  presented  in  figure  22  along  vrith 
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measured  values  of  target  Impulse  obtained  fron  ballistic  pendulum 
measurements.  The  agreement  between  the  measured  value  and  the  value 
calculated  on  the  basis  of  the  above  model  is  very  good;  however,  it 
should  be  emphasized  that  the  model  is  based  on  the  assumption  that 
the  projectile  suffers  little  deformation  during  the  perforation  pro¬ 
cess.  Flash  radiographs  indicate  that  this  assumption  is  no  longer 
valid  for  steel-aluminum  impacts  above  4  lon/sec. 

There  la,  under  certain  impact  conditions,  appreciable  momentum 
associated  with  the  material  splnshod  from  the  front  surface  of  thin 
targets;  consequently,  a  simple  measure  of  target  impulse  and  a  knowl¬ 
edge  of  projectile  momentum  is  not  sufficient  for  specifying  the 
momentum  of  the  material  carried  through  the  target.  Stanyukovioh 
has  proposed  that  above  a  certain  critical  velocity  the  momentum  de¬ 
livered  to  a  target  structure  is  simply  related  to  the  kinetic  energy 
of  the  impacting  projectile  (?). 

Specifically,  he  equates* 

BEq 

J  ■ 

where  J  ■  total  normal  impulse; 

Eo  -  projectile  energy; 
vT  -  target  strength; 

B  ■  coefficient  of  proportionality. 

A  limited  number  of  tests  with  aluminum,  lead,  copper,  and 
cadmium  tend  to  substantiate  the  above  formulation.  These  results 
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are  presented  In  figure  23  where  the  ratio  of  the  total  target  im¬ 
pulse  to  the  impacting  projectile  momentum  is  plotted  as  a  function 
of  reduced  impact  velocity  for  a  variety  of  impact  conditions*  On 
the  assumption  that  «  represents  the  shear  strength  of  the  target , 
the  above  formula  can  be  re»rritten  as: 

J  - _ B. 

2/^  Vg 

where  J  ■  total  normal  impulse} 

Jq  ■  projectile  momentum} 

Vq  ■  impact  velocity} 

■  target  density} 

Vg  ■  shear  wave  velocity} 

B  coefficient  of  proportionality. 

Thus ,  the  ratio  is  a  linear  function  of  impact  velocity  reduced 
“o 

^  •  l^hen  plotted  in  this  form  the  data  indeed  shoir  this 

V  S 

linear  dependence. 

In  terms  of  the  thin  targets »  an  interesting  and  important  aspect 
of  the  momentum  excess  phenomenon  is  illustrated  in  figure  24  where 
the  experimental  results  of  impulse  tests  with  thin  aluminum  and  load 
targets  are  presented.  In  these  experiments  the  total  fomrard  momen¬ 
tum  doliverod  to  the  target  structure  and  target  spall  system  ifas 
measured  as  a  function  of  target  thickness.  For  the  lead  targets. 
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3.t2  km/sec»  Seale  I  projectiles  were  used;  5.0  kn^sec,  Scale  II 
pirojeetlles  were  used  in  the  alunimni  tests  since  this  was  the  only 
Impact  arrangement  where  excess  nomentun  was  observed. 

the  significant  feature  of  this  series  of  tests  is  the  fact 
ihiat  the  total  forward  manentun  is  essentially  independent  of  tar¬ 
get  thickness  when  the  latter  exceeds  one  to  two  times  the  projectile 
laeagth.  Since,  on  the  basis  of  hydrodynamic  considerations,  these 
r;alues  roughly  correspond  to  the  prinaiy  penetration  expected  for 
t'hase  target -projectile  conblnations ,  the  results  indicate  that  the 
eaxcess  momentum  imparted  to  the  target-spall  system  is  derived  during 
t=he  hydrodynamic  phase  of  the  perforation  process. 

The  practical  implication  of  these  observations  is  illustrated 
^  figures  25  and  26  where  the  results  of  impulse  studies  in  2024-T3 
^URilnun  targets  at  impact  velocities  of  3.2,  4.0,  and  5.0  km/sec 
sare  sttninarized.  The  ratio  of  target  Impulse  to  the  initial  projec- 
•tile  momentum  is  plotted  as  a  function  of  target  thicloioss  in  fig¬ 
ure  25,  It  will  be  noted  that  only  a  small  fraction  (20  percent  or 
less)  of  the  total  forward  momentino  is  absorbed  by  the  target  struc¬ 
ture  for  target  thiclcness  less  than  twice  the  projectile  length. 

The  ratio  of  total  spall  momentum  to  the  initial  projectile 
nomentum  is  plotted  in  figure  26  as  a  function  of  target  thickness. 
Those  results  emphasise  the  fact  that  a  considerable  portion  of  the 
total  fori;ard  nomentum  is  contained  '.n  the  target  ejecta  system 


FIGURE  29.-Targtl  Impulse  os  o  Funellon  of  Torgsl  Thickness. 
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for  target  thioknessea  In  exoesa  of  the  depth  of  penetration  eoq>ected 
in  the  8eail>dLnfinite  target  configuration;  for  inpaeta  at  5*0  ha/asOf 
the  value  of  spaU  nooenttm  ia  greater  than  that  of  the  Inpacting 
projectile  ndmentura  for  target  thickneaaea  equal  to  or  lesa  than  Pq 
(crater  depth  in  an  infinite  target)* 

The  framing  camera  technique  haa  been  used  to  obtain  data  rel¬ 
ative  to  the  velocity  distribution  of  the  individual  ejecta  particles 
as  a  function  of  target  thiclcness  for  3.2  Icn/seo  Scule  I*  3*2  km/seo 
Scale  llf  and  5.0  lon/aeo  Scale  II  inpaeta  on  2024-T3  aluminum  targets. 
The  results  of  these  experiments  are  presented  in  figures  27  through  29 
where  values  of  ^  ,  which  represent  the  percentage  of  the  total 

population  lying  in  a  velocity  increment  Av,  are  plotted  as  a  function 
of  velocity  for  various  target  thicknesses* 

The  results  indicate  that  for  scaled  systems  (figures  27  and  28) 
the  velocity  distributions  are  similar  in  that  both  the  maximum  spall 
velocity  (intercepts  with  the  velocity  axis)  and  the  maxima  of  the 
curves  (velocity  corresponding  to  the  maximum  percentage  of  the  total 
number)  nearly  coincide* 

The  velocity  distribution  curves  for  different  target  thicknesses 
impacted  at  3*2  lon/sec  and  5.0  lon/sec  shoif  the  expected  shift  in  the 
direction  of  lotrer  velocity  values  as  the  target  thicluiess  is  increased* 
The  distributions  obtained  in  3,2  km/sec  and  5*0  km/scc  Scale  II  tests 
with  3/8  inch  thick  targets  tend  to  shovr  a  bimodal  form  which  probably 
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toHLses  from  i  distinction  between  the  velocities  of  the  projectile 
remnants  (and/or  target  material  driven  through  the  perforation)  and 
spallation  resulting  from  shock  interaction  at  the  free  surface  of 
the  target. 

CONCLDSIODS 

The  more  important  aspects  of  the  thin  plate  perforation  process 
have  been  investigated  over  the  velocity  range  from  2  to  5  km/sec. 
Particular  emphasis  was  placed  on  studying  the  spatlali  mass,  and  ve¬ 
locity  distribution  of  rear  surface  ejecta  as  the  impact  velocity, 
projectile  scale  size,  and  the  target  thickness  wore  varied.  A 
number  of  simple  relationships  have  been  established  among  these  var¬ 
iables.  For  the  case  of  a  nondeforming  projectile,  it  has  been  shown 
that  residual  projectile  velocity  and  target  impulse  can  be  predicted 
on  the  basis  of  a  simple  mathematical  model. 

The  situation  is  much  more  complicated  where  the  projectile  is 
seriously  deformed.  However,  the  observations  relating  to  the  be¬ 
havior  of  the  target  ejecta  system  indicate  the  applicability  of  a 
simple- shock-spallation  model.  Evidence  for  this  comes  from  the  pro¬ 
jectile  scale  size  experiments  at  3.2  km/seo  where  it  was  found  that 
the  mass  of  target  material  varied  with  the  cube  of  the  characteristic 
projectile  dimension  while  the  total  number  of  target  particles  gen¬ 
erated  varied  with  the  square  of  the  projectile  dimension.  The 
formation  and  subsequent  breakup  of  a  back  surface  spall  might  lead 
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■to  those  rasul-ts  if  proposed  spall  scaling  laws  are  valid  (B).  In 
addition,  the  number  of  target  particles  is  found  to  depend  heavily 
on  target  thickness,  decreasing  markedly  as  the  target  thickness  is 
Increasod.  Fiitharmore,  for  a  given  target  thickness  and  projectile 
scale  size,  the  number  of  particles  Is  found  to  increase  with  impact 
velocity.  This  behavior  suggests  that  the  number  of  particles  gen¬ 
erated  in  any  given  impact  situation  depends  primarily  on  the  in¬ 
tensity  of  the  shock  wave  incident  on  the  rear  surface  of  the  target. 
The  general  behavior  of  the  velocity  distributions  of  the  ejecta  can 
be  described  in  these  same  terms. 

Further  evidence  supporting  the  proposed  spall  model  lies  in 
the  observed  insensitivity  of  the  spatial  distributions  of  the  target 
ejecta  on  any  of  the  experimental  parameters.  Since  the  ratio  of  the 
radial  and  normal  components  of  velocity  of  a  given  particle  would 
depend  heavily  on  the  curvature  of  the  Impinging  shocJc  wave  (a  slowly 
varying  ftinction  of  the  initial  parameters)  rather  than  the  incident 

shock  strength  (a  rapidly  varying  function  of  the  initial  parameters) , 

*> 

this  observation  is  also  compatible  »rith  the  proposed  model. 
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